The aim of this study was to quantify the phenotypic differences amongst the taxa included in Veronica subgenus Pentasepalae, represented in the western Mediterranean area. In combination with previously obtained data on genotypic differences, this enabled the recognition of eight taxonomic units. The delimitation of the boundaries among species and subspecies was mainly based on molecular data, whereas the best characters to discriminate taxa were selected after an accurate study of herbarium material and living populations. Such a selection was also supported by a detailed morphometric study of 30 quantitative leaf traits in 88 populations. Several morphological characters, including the length of the trichomes, length of the petiole and leaf division, were found to be robust, and could be useful in the identification of the taxa involved. As a conclusion, a key to the taxa is proposed, as well as a complete nomenclatural treatment for the group, which includes the typification of several names.
INTRODUCTION
The determination of species boundaries in morphologically similar populations that are, to some extent, reproductively isolated represents a common problem for systematic biologists. We met this problem whilst working on the western Mediterranean representatives of Veronica subgenus Pentasepalae (Benth.) M.M.Mart.Ort., Albach & M.A.Fisch . According to Albach et al. (2004b) , the subgenus is monophyletic and comprises perennial species, usually woody at the base and with prostrate to erect stems, sometimes caespitose; leaves sessile or sometimes short-petiolate, entire to pinnatisect; inflorescences axillary, racemose; calyx quinque-or quadripartite, the fifth sepal usually being significantly smaller; corolla rotate, white to violet or dark blue (sometimes with whitish veins and throat); capsules broadly ovoid to cordate, compressed laterally, usually emarginate. Further phylogenetically relevant characters refer to seeds (flat and with a reticulate-verrucate coat) (Muñoz-Centeno et al., 2006) and base chromosome number x = 8.
The subgenus includes c. 70-75 species and 16 subsections, two (sometimes grouped in one Veronica subsection Pentasepalae Benth.) represented in the western Mediterranean: Veronica subsection Austriacae (E.Wulff) Stroh, comprising taxa also distributed in central and eastern Europe and south-west Asia, and Veronica subsection Hispano-Africanae (Riek) Stroh, restricted to the Iberian Peninsula and North Africa (Riek, 1935) .
Several taxonomic treatments have been proposed for the group (for a short review, see Martínez-Ortega et al., 2004) , but some points, mainly with regard to taxonomic boundaries and the accurate selection of the morphological traits supporting the successive classifications, remain controversial. In a previous study (Martínez-Ortega et al., 2004) , we used a molecular fingerprinting method [amplified fragment length polymorphism (AFLP)], combined with karyological studies, to address the questions of taxon delimitation and genetic diversity in this group. An association between leaf morphology and ploidy in natural populations was glimpsed at that time, in accordance with conclusions based on AFLP data, revealing a taxonomic structure organized into eight units, namely: V. rosea, V. tenuifolia, V. javalambrensis and V. fontqueri, traditionally included in Veronica subsection Hispano-Africanae; V. aragonensis, which is closely related to the latter subsection but, until now, has never been formally included within it; and V. scheereri, V. orsiniana and V. sennenii from Veronica subsection Austriacae. Veronica ¥ gundisalvii Sennen, a taxon presumably of hybrid origin (Martínez-Ortega et al., 2004) , is considered to be related to Veronica subsection Austriacae, but its taxonomic position requires further study; unfortunately, it could not be included in the present study because of a lack of appropriate herbarium material. Based on the previously mentioned association, we decided to further examine leaf variation within this group and initiated a morphometric study of some quantitative leaf traits.
The role of traditional morphometrics in herbarium taxonomy has recently been discussed by several authors, such as Henderson (2006) , and several recent studies have combined molecular and morphological data (for example, Shipunov, Fay & Chase, 2005; Kučera, Lihová & Marhold, 2006, among others) . However, to our knowledge, no study using morphometric methods has been performed in Veronica, except that of Brandt (1961) , who attempted to find differences between V. prostrata and V. scheereri (both from Veronica subgenus Pentasepalae) using the quantitative analysis of several characters.
Looking for characters to support taxon delimitation within Veronica subgenus Pentasepalae is not an easy task, mainly because homoplasy is generally widespread in Veronica and leaf morphology, in particular, seems to be affected by parallel syndromes in the subgenus (Albach, Martínez-Ortega & Chase, 2004a) . In addition, hybridization also occurs in this subgenus and this may represent an important source of homology. Many of the most complicated taxa are polyploids, some of which are believed to be the result of hybridization events, whereas others may have originated recently through autopolyploidization events (Lehmann, 1937; Martínez-Ortega et al., 2004) . As a consequence, the taxonomy of the group is highly complicated; the borders between species or infraspecific taxa are unclear, and there are considerable difficulties in the determination of individual plants. Henderson (2006) detected hybrid zones between species of palms, and it seems that such hybrid zones between species are also common in Veronica subgenus Pentasepalae if the taxonomic hypotheses are based exclusively on morphological data. However, in the case of this subgenus, we have the advantage of having at our disposal a solid and well-supported taxonomic hypothesis at a fine level of detail (individuals and populations), based on genetic data, karyology, overall morphology and phytogeographical considerations (Martínez-Ortega, 1999; Martínez-Ortega et al., 2004) .
In this situation, we were interested in improving the morphological knowledge of Veronica subgenus Pentasepalae in order to gain an acceptable and updated taxonomic treatment, integrating morphological and molecular data. We also aimed to search for the most discriminant traits related to leaf morphology using a detailed traditional morphometric study, with a view to checking to what extent these characters are relevant in the taxonomy of the subgenus, and in order to improve traditional keys by using additional characters, which may help in the identification of the taxa involved.
MATERIAL AND METHODS
This revision is based on the study of herbarium specimens from the following herbaria (herbarium acronyms according to Holmgren, Holmgren & Barnett, 1990) : B, BM, BC, BCF, BIO, COA, COI, E, FCO, G, GDA/GDAC, JACA, K, LINN, MA, MGC, MPU, PR, PRC, RNG, SALA/SALAF, SESTAO, SEV, VAB, VIT, W and WU. Furthermore, microfiche, photographs of type specimens and other data have been examined from the following additional herbaria: ANG, BP, C, CGE, CL, CLF, FI, G-DC, GE, GRM, H, L, LAU, LISU, LIV, MANCH, MARSSJ, MW, NAP, NEU, NY, OXF, P, PAD, PH, RAB, RO, S-Linnaeus, SLBI, SOM, TL, TO, TR, UPS. A complete list of the material studied can be found at Martínez-Ortega (1999) .
Occasionally, we encountered problems in locating or obtaining loans of type material; in such cases, the information provided was deduced from careful reading of the protologues. Where doubts persist regarding the original type material, we have used TAXONOMY OF VERONICA SUBGEN. PENTASEPALAE 69 the symbol '?' before the full citation of the name to indicate that it is a dubious synonym. The specimens cited in the synonymy were always examined by us, unless explicitly indicated. Synonyms are ordered chronologically. Homotypic synonyms are preceded by the symbol '≡' and heterotypic ones by '='.
For the morphometric study, we measured specimens from the following herbaria only: B, BC, BCF, BM, E, FCO, G, GDA, GDAC, JACA, K, MA, MAF, MGC, RNG, SALA, SEST, VAB and VIT. Overall, 255 individuals from 88 populations (Table 1 ) collected in the western Mediterranean area were measured (Fig. 1 ). Details about these plant materials are given in the Appendix (ordered according to the initial determination), where the abbreviation assigned to each population for the morphometric study is indicated. Initial determinations were made following a key by Martínez-Ortega (1999) , which is mostly in accordance with the taxonomic hypothesis proposed by Martínez-Ortega et al. (2004) . Accordingly, the Thirty quantitative characters (Table 2) were selected. Except for cases in which the available herbarium material was not sufficient, each character was measured in three specimens (individuals) from each collection (populations). Each measurement was taken from either a leaf situated in the central segment of the stem (medium leaf) (Fig. 2) or from one on the apical shoot (Fig. 3) . Characters related to the indumentum were only measured in the medium leaves. One measurement was made for each variable in the 255 individuals studied, except for hair length, for which we attempted to measure five trichomes per leaf. We initially intended to calculate the density of trichomes referred to 1 cm 2 but, because of the morphology of the leaves (for example, pinnatisect with very narrow segments), we were forced to estimate the 'density' of trichomes by counting the number of hairs present on a 1 cm long linear transect at the leaf margin.
Some characters were taken into consideration as ratios (LLM/MLWM, LLM/WMPM, LLM/DBMWM, Table 2 for abbreviations) to avoid the size effect. Characters were examined under a stereoscopic microscope (Nikon SMZ-U) and parameters were measured with a digital calliper or simply with a ruler. Other characters, such as trichome length, were recorded with a video camera (Sony DXC-930P-3CCD) connected to the stereoscopic microscope to transfer the image to a computer. In this case, the software Image-Pro Plus version 1.0 for image analysis was used. Table 2 for abbreviations.
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Cluster analysis using the hierarchical unweighted pair-group method with arithmetic averages (UPGMA) (Everitt, 1986) was performed based on populations characterized by average values and taking populations as OTUs. A Euclidean coefficient was used to compute the secondary distance matrix after standardization of the characters in the primary matrix. Principal component analysis (PCA; (Sneath & Sokal, 1973) was then performed, also based on populations. We used quantitative data in UPGMA and PCA analyses with no a priori knowledge of the population groupings and the resulting ordination in taxonomic units, as revealed by morphological (presented here) and AFLP data (Martínez-Ortega et al., 2004) , as a basis for the inferential methods. Several canonical discriminant analyses (DAs) (Legendre & Legendre, 1998) were carried out in order to determine whether there was sufficient information in quantitative leaf characters to enable the separation of different previously recognized taxonomic units (i.e. species, subsections). This method maximizes the among-group variation relative to the within-group variation. The analyses were also conducted to search for the best linear combination of variables in order to discriminate taxa. The technique requires an a priori assignment of OTUs to groups, such that it allows the assessment of whether the previously recognized taxa are statistically definable entities.
The ordination methods based on quantitative leaf traits revealed a structure divided into a different number of units than that revealed by the AFLP data. Accordingly, we performed two DAs, each based on the number of groups revealed by either morphological (using exclusively the measured leaf characters) or genetic data. With the latter, our aim was to look for the best linear combination of quantitative leaf traits to discriminate the eight taxa considered in the taxonomic hypothesis of Martínez-Ortega et al. (2004) .
In order to show the variability of the most important quantitative characters within each species in a clear and readily comparable way, graphical tests (box-plot with the indication of median values) illustrating the variation in parameters were applied.
Numerical analyses were carried out using SPSS 12.0 (descriptive statistics, box-plot graphics, Pearson correlation and DA) and NTSYSpc 2.0 (UPGMA cluster analysis and PCA).
RESULTS
The values obtained for the basic statistical parameters are shown in Table 3 . The standard deviation was high for most traits and, although our data allowed an overall separation of taxonomic units, the values at the extremes of the ranges of variation overlapped in many OTUs.
Pearson correlation coefficients obtained from the original matrix of descriptors showed that some of the primary characters were very highly correlated (> 0.95). Therefore, the variables WMPM, WMPS, LLM/WMPM, LLS/WMPS and FTLS were excluded from the analysis.
The splits in the cluster suggested by UPGMA of all populations (Fig. 4) revealed some structure in the variation of the quantitative leaf characters studied, especially for the case of samples that, according to our initial determinations, were determined as V. aragonensis. The remaining populations were grouped into less coherent clusters, more or less corresponding to the groups of populations initially determined as V. sennenii, V. tenuifolia, V. javalambrensis and V. orsiniana, with mainly V. rosea, but also V. scheereri and V. fontqueri, being the most frequently overlapping taxonomic units.
The results of PCA for all populations are shown in Fig. 5 and Table 4 . An ordination diagram representing the first three axes of PCA allowed the separation of three main groups. Again, most samples determined as V. aragonensis and V. tenuifolia were clearly separated from the remaining samples along the first and second components, which accounted for 67.89% and 15.65%, respectively, of the total variation among populations. Veronica tenuifolia formed a group looser than that corresponding to V. aragonensis. The remaining samples were not clearly separated in PCA.
Our results show that there is no single character allowing a clear discrimination of the taxonomic units, according to initial determinations, at the same time, although some structure was detected in our data. As both UPGMA and PCA revealed a similar structure in three groups, only partially consistent with the structure of genetic variation in the eight taxonomic units as revealed by AFLP data, we first performed a canonical DA based on the three morphological groups (Fig. 6 ) and, second, another DA (Fig. 7) for the eight groups based on the structure of the genetic variation.
The first DA (Fig. 6) shows that the three morphologically defined groups are separated along the first canonical axis, the STLM/STWM ratio being the most discriminant character. In addition, PLS and the previously mentioned ratio were the variables most highly correlated with the second canonical axis, which enabled the separation of V. tenuifolia plus V. aragonensis, on one side, and the remaining taxa studied on the other.
In the second DA (Fig. 7) , the populations corresponding to the traditionally recognized Veronica subsection Austriacae were separated along the first TAXONOMY OF VERONICA SUBGEN. PENTASEPALAE 73 Table 3 . Averages and standard deviations for quantitative leaf characters (see Table 2 canonical axis from those included in Veronica subsection Hispano-Africanae, NTM being the most discriminant character. The variability of this character can be seen in Fig. 8, which shows that V. orsiniana, V. scheereri and V. sennenii (from Veronica subsection Austriacae) are characterized by more than four teeth per hemilimb, whereas the remaining taxa, all from Veronica subsection Hispano-Africanae, have less than four teeth or segments. The most discriminant characters along the second canonical axis, which allowed the clear differentiation of V. aragonensis from the remaining taxa studied, were the STLM/STWM ratio together with STLM and PLM.
Some characters, such as LLS/MLWS (Fig. 8) , contributed to the distinction between V. sennenii and the remaining taxa, whereas LLM helped to distinguish between V. orsiniana and V. sennenii, on the one hand, and the rest of the taxonomic units on the other (Fig. 8) .
Further DAs were performed (graphical results not shown) within the subsections in order to look for the most discriminant characters, which may help in the elaboration of partial identification keys, although it should be noted that many of these characters are only useful taken as averages. The variability of such traits is shown in the graphical tests (box plots for median comparisons; Fig. 9 ). Within the western Mediterranean endemic Veronica subsection HispanoAfricanae, LT clearly separated V. aragonensis from the remaining taxa and may also help in the identification of V. javalambrensis, LLM/MLWM characterized V. tenuifolia as a separate unit within the subsection, and STLM/STWM was useful for distinguishing V. tenuifolia and V. javalambrensis. With regard to the western Mediterranean representatives of Veronica subsection Austriacae, again LT was one of the most discriminant quantitative leaf characters, seemingly guaranteeing the identification of V. orsiniana (LT > 0.7) from V. sennenii (LT between 0.4 and 0.6) and V. scheereri (LT < 0.4); PLS was also very useful as, in the populations studied, the leaves of the apical shoot in V. scheereri showed a short petiole, whereas the remaining taxa had sessile medium leaves.
DISCUSSION TAXONOMIC CONSIDERATIONS
As is usual in the case of cryptic taxa, those addressed in this study lack many of the evident morphological characters that make them clearly diagnosable morphological units. Nevertheless, it is completely without doubt that they are genetically (Martínez-Ortega et al., 2004) and morphologically recognizable entities.
The relationships suggested by the phenograms (UPGMA and neighbor joining) and parsimony analyses of the AFLP data generally support the taxonomic hypotheses and relationships among the taxa as initially proposed by Martínez-Ortega (1999) , thus indicating that differences in the general external morphology are correlated with an overall differentiation of the genomes. Such results provide good support for the monophyly of each of the eight cohesive genetic units (i.e. taxa), and also lead to the conclusion that there is no detectable current gene flow among them.
In this study, we have also demonstrated that there are sufficient phenotypic differences to allow the separation of the eight taxonomic units revealed by molecular data. These taxa can mostly be identified by the morphological characters used in the 'Key for the taxa'. Although there is not sufficient information about quantitative leaf characters alone to enable the separation of the entire set of populations studied, as initially expected, leaf traits may help in the identification and taxonomic discrimination in some specific cases, although their direct use in identification keys is complicated, mainly because, in most cases, the values corresponding to the character states must be taken as averages.
In addition, we found support in the morphometric leaf traits studied for the subsections HispanoAfricanae and Austriacae, with V. aragonensis closer to the first subsection, although slightly aside. Correspondingly, the genetic analyses revealed three distinct groups of populations: (1) V. aragonensis; (2) V. tenuifolia, V. javalambrensis and V. fontqueri (at that time called 'V. tenuifolia complex') plus V. rosea; and Historically, the affinities of V. aragonensis have been controversial (Römpp, 1928; Stroh, 1942; Montserrat, 1956 Montserrat, , 1968 and, according to its morphology and as our analyses also confirm, the species is distinct. It exhibits a relatively long petiole in the (usually glabrous) medium leaves, and the length of the second tooth of such leaves is shorter than in the remaining taxa studied. Nevertheless, the genetic distance between V. aragonensis and the remaining taxa is small, and this species endemic to Spain seems to be closely related to the North African V. rosea from a phylogenetic point of view.
The genetic distances among V. tenuifolia, V. javalambrensis and V. fontqueri are smaller than those among the remaining taxa (Martínez-Ortega et al., 2004) , and this is one of the main reasons why we decide to rank them at subspecies level. Within this V. tenuifolia complex, the molecular data provide support for a closer relationship between V. tenuifolia and V. javalambrensis, whereas, phenotypically, the leaves of Figure 8 . Box-plot of number of teeth per hemilimb of the medium leaf (NTM) (A), length/maximum width ratio of the leaf of the apical shoot (LLS/MLWS) (B) and length of the medium leaf in millimetres (LLM) (C) corresponding to the taxa: 1, V. orsiniana; 2, V. scheereri; 3, V. sennenii; 4, V. tenuifolia ssp. fontqueri; 5, V. rosea; 6, V. tenuifolia ssp. tenuifolia; 7, V. tenuifolia ssp. javalambrensis; 8, V. aragonensis. the latter show a greater similarity to those of V. fontqueri. One of the main purposes of our work was to attempt to quantify the phenotypic differences among these three taxa, because a gradation in some characters traditionally used to determine material belonging to the 'V. tenuifolia complex' has been reported previously (Martínez-Ortega, 1999) . We found some quantitative leaf characters that, taken as averages, help to distinguish among these taxonomic units. The most useful characters for this purpose are the LLM/ MLWM and STLM/STWM ratios, which indirectly reflect the degree of division of the leaf blade. Although these characters are undoubtedly useful for this aim, some specific samples, such as JAVC and TENC, cannot be assigned with certainty to V. tenuifolia or V. javalambrensis exclusively on the basis of the quantitative leaf traits studied, which is not surprising given the cryptic nature of these taxa. 
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Veronica rosea shows a high polymorphism which, throughout history, has led to different taxonomic treatments (for example, Lange, 1870; Willkomm, 1893; Walters & Webb, 1972; Martínez-Ortega, 1999) . For example, V. rosea has frequently been identified with V. fontqueri, because, as shown here, the leaves of both taxa are morphologically similar, although this correspondence is not supported by either genetic or phylogeographical data. We failed to find any morphological trait useful for the unequivocal identification of V. rosea when compared with V. fontqueri, other than the average length of the trichomes (LT) covering the medium leaves. Although this length mostly helps to distinguish these taxa, we are not convinced that it allows an unequivocal determination of the material, and so we were forced to use geographical distribution as additional information in our 'Key to the taxa'. Nevertheless, in this study, we demonstrate that the average LT is the best character to differentiate among the taxa included within Veronica subsection Hispano-Africanae (Fig. 9A) , and have detected a gradation in this length: LT shows minimum values in V. tenuifolia, is increased in V. rosea, is even higher in V. fontqueri and the maximum length is found in V. javalambrensis.
Within the 'V. orsiniana complex', polyploidy seems to have played an important role as a mechanism for speciation (Martínez-Ortega et al., 2004) . AFLP analysis revealed that V. sennenii is probably an autopolyploid (octoploid), and there is a close correspondence between V. sennenii and V. scheereri (tetraploid) with regard to both allele composition and allele frequency. Nevertheless, from a morphological point of view, V. orsiniana (diploid) shows a higher overall similarity with the octoploid than does V. scheereri. We found several quantitative leaf characters allowing a clear differentiation between V. sennenii and V. scheereri (i.e. LT, LLM, LLS/ MLWS, NTM), apart from the indumentum of the sepals, which always allows an easy separation of both entities, as the former has pilose sepals, whereas the latter has a glabrous calyx. Veronica orsiniana, in turn, also has a pilose calyx but, according to our morphometric results, may easily and most unequivocally be distinguished from V. sennenii by LT of the medium leaves (LT < 0.7 mm; LT > 0.7 mm in V. orsiniana).
As we have attempted to demonstrate, there are phenotypes that seem to correspond well with genotypes, and this observation helps in the definition of the taxonomic boundaries among taxa within the western Mediterranean representatives of Veronica subgenus Pentasepalae. Based on the available morphological and genetic information, we have attempted to address the problem of ranking the taxa and to establish a formal classification. To this end, we used criteria such as morphological and karyological distinctiveness, as well as phylogeographical divergence, together with genetic cohesion of the taxonomic units, the apparent absence of or nonsignificant gene flow among them and further relevant information [for example, length of the branches in the phenograms leading to each of the taxa, analysis of molecular variance (AMOVA) applied to taxonomic groups, distribution of the AFLP bands, etc.], to propose the formal taxonomic treatment presented here. We recognize a total of six species: V. orsiniana diploid (2n = 16), south-west Europe; V. scheereri tetraploid (2n = 32), west and centralwest Europe; V. sennenii octoploid (2n = 64), endemic to north Spain; V. aragonensis tetraploid (2n = 32), restricted to the Spanish Pyrenees with a disjunct isolated locality in Sierra de la Sagra (south Spain); V. tenuifolia diploid (2n = 16), endemic to Spain; and V. rosea diploid (2n = 16), North Africa (Morocco and Algeria). Three subspecies have been subordinated under V. tenuifolia: ssp. tenuifolia, from the northeast Iberian Peninsula; ssp. fontqueri, restricted to Sierra de Baza, Sierra de Las Nieves and Sierra de Gador in south Spain; and ssp. javalambrensis, from north and central Spain.
In our case, it was only possible to perform morphometric measurements on exactly the same plants as used for AFLP analysis in 30% of the populations. Nevertheless, we are convinced, as demonstrated by previous authors (for example, Shipunov et al., 2005) , of the advantages of using combined techniques in the case of taxonomically complex groups of species. As a conclusion to this study, we propose a taxonomic treatment in which the delimitation of the boundaries among species and subspecies is mainly based on molecular data, whereas the best characters to be used in the key were selected after an accurate study of herbarium material as well as living populations. Such selection was also supported by a detailed morphometric study. A full description of the taxa will appear in Flora iberica (Martínez-Ortega, Sánchez-Agudo & Rico, in press). We now offer a complete nomenclatural checklist for the group and make some typifications. As already stated, in many cases, the taxa involved in this study lack evident morphological characters that make them clearly diagnosable units; therefore, the elaboration of identification keys is difficult. Nevertheless, we have worked on this and offer a key for the taxa, mainly based on general morphology, but also including the quantitative leaf characters studied by us. For the most conflicting taxa, only the measurements of some variables considered as averages are suitable for use in the key. These include the length of the trichomes (LT) and the number of teeth per hemilimb of the medium leaf (NTM) (Figs 9a, 8a) , which are used as averages directly in the following key, as no other morphological character seems to guarantee the correct determination of the taxa involved. As we are fully aware of the problems derived from the use of such traits in determination keys, we have added geographical information as an additional aid for correct identification.
NOMENCLATURE
One of the main problems encountered whilst trying to elaborate this key was finding characters that would help in the unequivocal determination of TAXONOMY OF VERONICA SUBGEN. PENTASEPALAE 83 the extremely polymorphic V. rosea, on the one hand (indeed, many subspecies and varieties, as can be seen in the nomenclatural treatment, have been subordinated to this taxon), and V. orsiniana plus V. sennenii, on the other. These three species are clearly isolated from both the geographical and genetic point of view and, traditionally, have even been included in different subsections; however, we were unable to recognize traits to use in our key other than the problematic NTM value taken as an average. We revised c. 125 herbarium specimens (populations) and were also unable to find a pattern of variation that could be explained in any way (for further details, see Martínez-Ortega, 1999) , as even intrapopulational variability is extremely high. Furthermore, genetic, morphological and karyological studies are required in this respect, aimed not only at explaining the reason for this high polymorphism, but also to improve, if possible, the quality of the key at this point.
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